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How a protein generates a catalytic radical from coenzyme B12:
X-ray structure of a diol-dehydratase–adeninylpentylcobalamin
complex
Jun Masuda1, Naoki Shibata1, Yukio Morimoto1, Tetsuo Toraya2* 
and Noritake Yasuoka1*
Background: Adenosylcobalamin (coenzyme B12) serves as a cofactor for
enzymatic radical reactions. The adenosyl radical, a catalytic radical in these
reactions, is formed by homolysis of the cobalt–carbon bond of the coenzyme,
although the mechanism of cleavage of its organometallic bond remains unsolved. 
Results: We determined the three-dimensional structures of diol dehydratase
complexed with adeninylpentylcobalamin and with cyanocobalamin at 1.7 Å and
1.9 Å resolution, respectively, at cryogenic temperatures. In the
adeninylpentylcobalamin complex, the adenine ring is bound parallel to the
corrin ring as in the free form and methylmalonyl-CoA-mutase-bound coenzyme,
but with the other side facing pyrrole ring C. All of its nitrogen atoms except for
N(9) are hydrogen-bonded to mainchain amide oxygen and amide nitrogen
atoms, a sidechain hydroxyl group, and a water molecule. As compared with the
cyanocobalamin complex, the sidechain of Serα224 rotates by 120° to
hydrogen bond with N(3) of the adenine ring. 
Conclusions: The structure of the adenine-ring-binding site provides a molecular
basis for the strict specificity of diol dehydratase for the coenzyme adenosyl
group. The superimposition of the structure of the free coenzyme on that of
enzyme-bound adeninylpentylcobalamin demonstrated that the tight
enzyme–coenzyme interactions at both the cobalamin moiety and adenine ring of
the adenosyl group would inevitably lead to cleavage of the cobalt–carbon bond.
Rotation of the ribose moiety around the glycosidic linkage makes the 5′-carbon
radical accessible to the hydrogen atom of the substrate to be abstracted. 
Introduction
Adenosylcobalamin (coenzyme B12; Figure 1a) serves as a
cofactor for enzymatic radical reactions including carbon
skeleton rearrangements, heteroatom eliminations, and
intramolecular amino group migrations. X-ray structures of
a cobalamin-binding fragment of methionine synthase [1]
and of the whole enzymes methylmalonyl-CoA mutase
[2–4], diol dehydratase [5], and glutamate mutase [6] have
been reported recently. These studies, together with elec-
tron paramagnetic resonance studies, revealed that pro-
teins bind cobalamin in at least two distinct modes [7].
Methionine synthase [1], methylmalonyl-CoA mutase
[2,8], and glutamate mutase [6,9] bind cobalamin in the
so-called ‘base-off’ mode (Figure 1b) involving histidine
ligation, whereas diol dehydratase [5,10,11], ribonu-
cleotide reductase [12], and ethanolamine ammonia-lyase
[13,14] bind it in the ‘base-on’ mode (Figure 1c).
Adenosylcobalamin-dependent enzymatic rearrangements
involve migration of a hydrogen atom from one carbon
atom of the substrate to an adjacent carbon atom in
exchange for group X that moves in the opposite direction
[15,16]. These reactions are initiated by abstraction of a
hydrogen atom from the substrate with an adenosyl radical
that is formed in the active site through homolytic cleav-
age of the cobalt–carbon (Co–C) bond of the coenzyme
[7,15–20]. Therefore, the Co–C bond homolysis is consid-
ered to be a key step that is common to all the adenosyl-
cobalamin-dependent enzymatic reactions. On the basis of
the three-dimensional structure of diol dehydratase [5]
and the computational results [21], we have proposed a
new mechanism for diol dehydratase in which potassium
ions (K+) directly participate in the catalysis [5,7,21].
How does apoenzyme catalyze the Co–C bond homoly-
sis? Earlier studies indicated that enzymatic activation of
the Co–C bond takes place very specifically with adeno-
sylcobalamin and its analogues having a closely related
upper axial ligand [22–26]. It is therefore believed that
interactions of the coenzyme with apoenzyme at both the
cobalamin moiety and adenosyl group are indispensable
for activation of this organometallic bond. The details of
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the enzyme–cobalamin interaction have been revealed
with several enzymes by their recently reported X-ray
structures [1,2,5,6]. Only limited information is available
concerning the enzyme–coenzyme interaction at the
adenosyl group, however, although the presence of an
adenosyl group-binding site has been biochemically
demonstrated with a few enzymes [27,28]. The interac-
tions between the enzyme and the ribose moiety of the
adenosyl group [3], as well as between the enzyme and
the adenine ring of 5′-deoxyadenosine [4] have been
reported recently with methylmalonyl-CoA mutase.
We have determined previously the crystal structure of
the diol-dehydratase–cyanocobalamin complex at 277K
[5]. The electron density of the CN group, the upper
axial ligand of cyanocobalamin, was not clear in the pre-
vious structure. In the case of methionine synthase, of
which a structure study was carried out at 277K, the elec-
tron density of the methyl group could not be observed
in the structure reported [1]. On the contrary, in the case
of glutamate mutase, which was studied at cryogenic
temperature, the electron densities of methyl and CN
groups were partly observed in the complexes with
methylcobalamin and cyanocobalamin, respectively [6].
Reitzer et al. concluded that their structure contained
~50% cofactor in the Co(III) state and 50% in a reduced
state. From this point of view, we have also carried out a
structural analysis of the diol-dehydratase–cyanocobal-
amin complex at cryogenic temperatures.
In this paper, we report the structural analyses of diol-
dehydratase in complex with adeninylpentylcobalamin
(Figure 1e) as well as cyanocobalamin (Figure 1d) at cryo-
genic temperatures. Adeninylpentylcobalamin is an inac-
tive analogue of adenosylcobalamin that has an adenine
ring in the upper axial ligand and is bound more tightly
than adenosylcobalamin to diol dehydratase [24] and to
some of the other cobalamin-dependent enzymes [29,30].
This analogue is believed to bind to the active sites of
enzymes in a similar manner as the regular coenzyme but
needs less energy for accommodation because of flexibil-
ity of the pentamethylene group. The X-ray structures
revealed the exact details of enzyme–cobalamin interac-
tions and conformations of enzyme and cobalamins. Mod-
eling studies were also conducted to elucidate the
mechanism of Co–C bond cleavage of the coenzyme as
well as to explain the reported specificity of hydrogen
abstraction. Based on these studies, a detailed mechanism
of action of this enzyme is discussed here.
Results and discussion
Overall structure
Diol dehydratase complexed with adeninylpentylcobal-
amin as well as with cyanocobalamin exists in the dimeric
form of heterotrimer (αβγ)2, which is included in an asym-
metric unit. The structures of the two heterotrimers do
not show any significant differences; the root mean square
(rms) deviation in coordinates of Cα atoms is 0.39 Å. But
the electron density of the molecule described firstly in
the Protein Data Bank (PDB) is somewhat more dense
than that of the second molecule (see the Materials and
methods section), and the standard deviations of the coor-
dinates of the first molecule are better than the second.
The descriptions of the structure including bond lengths
and angles in this paper will therefore depend on the coor-
dinates of the first molecule. The overall structure of
adeninylpentylcobalamin complex is shown in Figure 2a.
The detailed descriptions about the structure of diol
dehydratase in complex with cyanocobalamin at 277K are
already given in the previous paper [5]. 
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Figure 1
Adenosylcobalamin, modes of cobalamin
binding, and the  coenzyme analogues used in
this study. (a) Three-dimensional structure  of
adenosylcobalamin (coenzyme B12). (b) Base-
off mode of cobalamin binding (methylmalonyl-
CoA mutase) [2]. (c) Base-on mode of
cobalamin binding (diol dehydratase) [5].
(d) cyanocobalamin and
(e) adeninylpentylcobalamin. The
parallelograms in (d) and (e) represent a
corrin ring of cobalamins.
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Binding of adeninylpentylcobalamin
The adeninylpentylcobalamin molecule is located between
the α and β subunits, and the adeninylpentyl group, an
upper (Coβ) ligand, is oriented to the direction of the α
subunit. The part of the enzyme accommodating
adeninylpentylcobalamin is illustrated in Figure 2b. The α
subunit includes a (β/α)8 so-called triosephosphate iso-
merase (TIM) barrel structure in the central part. The
structure of the substrate-binding site of the α subunit with
adeninylpentylcobalamin is illustrated in Figures 3a,b. The
substrate 1,2-propanediol is located inside the TIM barrel,
near to K+ rather than to the cobalt atom of cobalamin. This
structural feature of substrate-binding site is very similar to
that of the diol-dehydratase–cyanocobalamin complex.
The numbering scheme of the β strands is the same as that
in the previous paper [5].
The adenine ring of adeninylpentylcobalamin bound to diol
dehydratase is parallel to the corrin ring and faces towards
pyrrole ring C (Figure 4). The adenine moiety is held by
some hydrogen bonds with amino acids in the α subunit as
shown in Figures 4a, b and c. These interactions are very
important for understanding the catalytic behaviour of diol
dehydratase, which will be described later. As compared
with the cyanocobalamin complex, little conformational
change was observed, except that the orientation of the side
group of Serα224 is different in order to form a hydrogen
bond with N3A in the adenine moiety (Figure 4c).
In the stage to include the coordinates of many water mol-
ecules in the structure refinement, one peak in the electron
density map was found in the neighbourhood of the
adenine moiety. Initially, this peak was assigned as a water
molecule and was included in the structure refinement,
which resulted in the B factor of 0 Å2. There were six
oxygen atoms from four amino acid residues and two water
molecules within about 3 Å from this atom, and therefore it
is not water. We tentatively assigned this peak to be K+ orig-
inating from the potassium phosphate buffer that was used
in the process of purification, because it was coordinated by
six oxygen atoms (Figure 4a,b). It should be noted that this
K+ is different from that coordinated by the substrate. The
other possible candidate is NH4+, which is an additive in the
course of crystallization. But it is not plausible that NH4+
occupies this space because it has fewer electrons. There-
fore, it is reasonably considered that the water molecule in
the α subunit in the diol-dehydratase–cyanocobalamin
complex was replaced by K+ in the adeninylpentylcobal-
amin complex and the refinement of the structure was con-
tinued. The B factor of the supposed K+ (12 Å2) was similar
to K+ ligated by the substrate (9 Å2), and these values were
also similar to those of neighbouring atoms. These observa-
tions seem to support the assignment of K+. In the structure
of the diol-dehydratase–cyanocobalamin complex, a water
molecule was identified at the corresponding position. We
think that K+ was suitable to fit up in the space formed by
the adenine ring and the peptide chain by the electrostatic
interaction when adeninylpentylcobalamin is incorporated
into apodiol dehydratase.
Effect of photoirradiation
Because adeninylpentylcobalamin is unstable in visible
light, a series of experiments from the preparation of
crystals to X-ray data measurement were carried out in
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Figure 2
Structure of the diol-dehydratase–adeninylpentylcobalamin complex.
(a) Stereo drawing of the diol-dehydratase–adeninylpentylcobalamin
complex showing the αβγ heterotrimer. Subunit α, red; β, green; γ,
blue. Adeninylpentylcobalamin is located in the interface between the
α and β subunits. (b) Surface representation of the
adeninylpentylcobalamin-binding region. Subunit α, red; β, green.
Figure 2b was drawn using MOLMOL [56].
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the dark. A safety red light was only used to pick up a
crystal and mount it onto a goniometer head of X-ray
equipment. The effect of photoirradiation or illumina-
tion with a light source seems to cause homolysis of the
Co–C bond to form an adeninylpentyl radical. To
confirm this, X-ray data were collected at 100K with a
crystal illuminated by a halogen lamp before and during
the X-ray irradiation. The electron-density map of the
cyanocobalamin moiety at 100K is shown in Figure 5a,
and those of the adenylpentylcobalamin moiety in the
dark and in the illuminated states are shown in
Figures 5b and c, respectively. The temperature factors
of atoms comprising the adeninylpentyl group are also
plotted for both states in Figure 5d. These figures
clearly indicate that the pentamethylene group is
cleaved from the Co atom during the photoirradiation,
whereas the adenine moiety remains held by hydrogen
bonds with some residues in the α subunit (Figure 4).
The detailed discussion on the bond lengths and the
valence state of the cobalt ion will be described later.
Formation of an adenine-anchored radical upon photoir-
radiation was demonstrated crystallographically with the
enzyme–adeninylpentylcobalamin complex. Although
the formation of an adenine-anchored radical under pho-
tolytic conditions mimics an initial stage of the diol
dehydratase catalysis, no enzymatic reaction followed it.
This is partly because the adeninylpentyl radical could
not be placed close to the substrate because of the lack
of the β-D-ribofuranose ring and its functional groups.
Conformational change of an adenine-containing axial
ligand upon binding to enzyme
To describe the conformation of an adenine-containing
axial ligand, we define here the enantio faces of the
adenine ring as the reC(6)-face and siC(6)-face with respect
to C(6). In free [31,32] and methylmalonyl-CoA mutase-
bound adenosylcobalamin [3], the adenine ring is posi-
tioned parallel to the corrin ring with the reC(6)-face side
facing pyrrole rings C and B, respectively. In free
adeninylpropylcobalamin [33], the adenine ring parallel
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Figure 3
Structure of the active site of the enzyme.
(a) Stereo drawing of the active-site
structure viewed from the direction
perpendicular to the plane of the corrin ring
of adeninylpentylcobalamin. (b) Stereo
drawing of the active-site structure viewed
from the direction perpendicular to that of
(a). The eight β strands comprising the TIM
barrel are numbered 1–8 from the N-terminal
side. Adeninylpentylcobalamin is shown in
the lower part of (b). Carbon atoms of
adeninylpentylcobalamin and the substrate
are colored in pale violet-red and green-
yellow, respectively, and K+ is in cyan. This
figure was generated using the program
MOLSCRIPT [57] and the rendering
program RASTER3D [58].
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to the corrin ring faces its reC(6)-face side to pyrrole ring
D as well. The adenine ring of adeninylpentylcobalamin
bound to diol dehydratase is also parallel to the corrin
ring, but in clear contrast to the examples mentioned
above, upside down — that is, the siC(6)-face side of the
adenine ring faces pyrrole ring C (Figure 4a). Diol 
dehydratase and methylmalonyl-CoA mutase might use 
different strategies in activating the Co–C bond of the
coenzyme — diol dehydratase accomplishes its activation
by binding the adenine ring upside down over pyrrole
ring C, whereas methylmalonyl-CoA mutase by rotating
the adenosyl group by about 90° relative to the corrin
ring around the Co–C(5′) bond axis, with the adenine
ring positioned over pyrrole ring B [3].
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Figure 4
Hydrogen-bonding network in the adenine-
ring-binding site and comparison of
conformations of active-site residues around
cobalamin. (a) Stereoview ball-and-stick
model showing adeninylpentylcobalamin and
the vicinity of the adenine ring. K+ is shown in
cyan and the water molecules are in green.
Hydrogen-bonding is shown as green dotted
lines, and interactions between K+ and its
ligands as dotted yellow lines. (b) Hydrogen-
bonding scheme between adeninylpentyl
group and the protein. The distances are
indicated in Å. (c) Superimposition of the
active site in the adeninylpentylcobalamin
complex (blue) on that in the cyanocobalamin
complex (red). The label ‘B’ after the residue
number refers to residues of the β subunit.
Figures 4a and c were generated using the
program MOLSCRIPT [57] and the rendering
program RASTER3D [58].
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Figure 5
Stereo pairs of part of electron-density maps
contoured for residues around the cobalamin
and position-dependent changes in B factors
before and after photoirradiation. (a) The map
of diol-dehydratase–cyanocobalamin complex
at 100K. The blue contours are drawn for the
2mFo–DFc map and the green contours, for the
Fo–Fc map. (b) The map of diol-
dehydratase–adeninylpentylcobalamin complex
in the dark (1.7 Å resolution). (c) The map of
diol-dehydratase–adeninylpentylcobalamin
complex under the illuminated condition (1.75 Å
resolution). (d) Comparison of B factors of
atoms in the adeninylpentyl group. The red line
shows values under the illuminated conditions,
and the blue line shows values in the dark. The
atom names on the horizontal axis are the same
as those in Figure 4b. Figures a,b,c were
generated using the program XFIT [55].
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Co–N bond distance and corrin ring conformation
Structural parameters obtained here for the diol-dehy-
dratase-bound cobalamins are compared with those for
cobalamins bound to the other cobalamin enzymes
[1,2,6] in Table 1. We have reported that the bond dis-
tance between Co and N(3) of 5,6-dimethylbenzimida-
zole is 2.50 Å for the diol-dehydratase–cyanocobalamin
complex [5]. It should be noted that our previous data
collection was made at 277K, however, and, under those
conditions, the electron density of the upper axial ligand
was not clear. We speculated that, under the former 
conditions for data collection, the major part of the
Co–CN bond was cleaved during X-ray irradiation, prob-
ably forming cob(II)alamin. It is therefore likely that 
the former parameters describing cobalamin conforma-
tion are for the enzyme-bound cob(II)alamin. In con-
trast, when the data were collected at 100K, the electron
density corresponding to the CN group was partly
observable (Figure 5a). The Co–N distance obtained
here is 2.18 Å for the enzyme–cyanocobalamin complex
(Table 1). It was thus concluded that the Co–N dis-
tances for the enzyme-bound cob(II)alamin and
cyanocobalamin are 2.50 Å and 2.18 Å, respectively.
Because the Co–N distances for free cob(II)alamin [34]
and cyanocobalamin [35] are 2.16 Å and 2.01 Å, respec-
tively, it is evident that the Co–N bonds of these cobal-
amins are lengthened upon binding to the enzyme by
16% and 8%, respectively.
The Co–N bond distance for the enzyme-bound
adeninylpentylcobalamin is 2.22 Å (Table 1). Although the
Co–N bond distance for the free counterpart is not avail-
able, that for free adeninylpropylcobalamin is 2.21 Å [33].
Thus, the Co–N distance is considered not significantly
elongated upon binding to diol dehydratase. The dihedral
angles of the northern and southern least-squares planes
indicate that the corrin rings of the enzyme-bound
adeninylpentylcobalamin and cyanocobalamin are also
almost flattened as that of cob(II)alamin (Table 1). In
cob(II)alamin and cyanocobalamin, it is probable that the
steric repulsion between the flattened corrin ring and the
bulky 5,6-dimethylbenzimidazole moiety results in the
lengthening of the Co–N bond [5,7]. A long Co–N bond
would preferentially destabilize Co(III) relative to Co(II) of
cobalamin [36], which enables continuous progress of
radical reactions [7,23]. In other words, the Co–N bond dis-
tance might be important for control of the reactivity of the
cobalt atom in cobalamin. The role of the 5,6-dimethylben-
zimidazole moiety in the catalysis of certain adenosylcobal-
amin-dependent enzymes is probably to prevent the
enzyme from mechanism-based inactivation [7,22,23,37,38].
This would be one of the reasons why most of the naturally
occurring corrinoids contains this unique, bulky base.
Consistency with the coenzyme specificity
Coenzymic activity and binding affinity of coenzyme ana-
logues in which the adenine moiety of the adenosyl group
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Table 1
Stereochemical parameters for free and enzyme-bound cobalamins.
B12 compound Temperature Upper axial Co-upper axial Co–N lower Co–N N lower axial Fold Reference
(K) ligand ligand axial ligand plane* N plane angle†(°)
Free
CN-Cbl 88 CN 1.86 2.01 +0.02 2.02 14.1 [35]
CN-(Im)Cba 88 CN 1.86 1.97 0.00 1.96 7.3 [35]
OH-Cbl 100 OH 1.95 1.93 +0.05 1.97 17.5 [59]
Cob(II)alamin room – – 2.16 +0.15 2.3 11.5 [34]
MeCbl 298 CH3 1.99 2.19 +0.02 2.2 14.8 [60]
AdoCbl 277 AdoCH2‡ 1.97 2.21 –0.01 2.2 10.0 [32]
Diol dehydratase
CN-Cbl 277 2.50 –0.01 2.49 4.45 [5]
CN-Cbl 100 CN – 2.18 +0.07 2.24 2.92 This work
AdePeCbl (dark) 100 AdePe‡ 2.07 2.22 +0.04 2.26 1.74 This work
AdePeCbl (illumi.) 100 AdePe‡ 2.16 2.23 +0.06 2.29 1.96 This work
Methionine synthase
MeCbl 277 CH3 1.96 2.24 –0.29 2.27 3.18 [1]
Methylmalonyl-CoA mutase
AdoCbl 95 2.50 +0.11 2.59 7.18 [2]
Glutamate mutase
CN-Cbl 103 CN 1.95 2.29 +0.05 2.34 6.29 [6]
MeCbl 103 CH3 2.35 [6]
Distances between the cobalt atom (Co) and its axial ligand are given
in Å. *Distance from Co to mean plane of the pyrrole nitrogens. A
positive distance means a displacement towards the lower axial ligand.
†The fold is along the Co–C10 line, defined as the angle between two
linked conjugated planes in the corrin ring: C4 C5 C6 C7 C8 C9 C10
N21 N22; and C10 C11 C12 C13 C14 C15 C16 N23 N24. ‡AdoCH2
represents the 5′-deoxyadenosyl group, and AdePe the adeninylpentyl
group. The coordinates of CN group are not definitely determined.
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is substituted by a closely related base have been exten-
sively studied with diol dehydratase [24–26]. Although 7-
deazaadenosylcobalaminit is tightly bound by the
apoenzyme (Ki 1.1 µM), it is an inactive analogue. This
indicates that the hydrogen bonding between N(7) and the
mainchain NH of Serα301 is essential for catalysis but not
for binding. The 6-deamino analogue (nebularylcobal-
amin) and N6-methyladenosylcobalamin are 9% (Km
1.7 µM) and 17% (Km 4.2 µM) as active as the regular
coenzyme, respectively, but N6-ethyl and N6,N6-dimethyl
derivatives are totally inactive with a slightly reduced
affinity for the apoenzyme (Ki 5.4 and 3.5 µM, respec-
tively). Thus, it is evident that hydrogen-bond donations
from 6-NH2 to mainchain amide oxygen of Serα299 and
Glyα261 are important for catalysis. 3-Deaza and 1-deaza
analogues were 46% (Km 2.5 µM) and 56% (Km 2.7 µM) as
active as adenosylcobalamin, respectively, indicating that
the hydrogen bonds between N(3) and a hydroxyl group of
Serα224 and between N(1) and a bound water molecule
are partially important. The formation of cob(II)alamin as
an intermediate in the catalytic reaction is spectroscopi-
cally observed with active coenzyme analogues but not
with inactive ones. It was therefore concluded that the
importance of the nitrogen atoms in the adenine moiety
for manifestation of catalytic function and for activation of
the Co–C bond decreases in the following order: N(7) > 6-
NH2 > N(3) > N(1) [25]. The fact that inosylcobalamin (Ki
~22 µM) and 1,N6-ethenoadenosylcobalamin (Ki ~35 µM)
are inactive analogues with very low affinity for apoen-
zyme can be explained by their lack of hydrogen bonding
at N(1) and 6-NH2. The finding that 1-methyladenosyl-
cobalamin is inactive as a coenzyme with a reduced affinity
(Ki 5.3 µM) also supports this idea. Interestingly, 3-
isoadenosylcobalamin is 36% as active as the regular coen-
zyme with a high affinity for the apoenzyme (Km 1.4 µM).
A modeling study indicated that similar hydrogen bonds
could be formed at N(1), 6-NH2, N(9), and N(7) of this
analogue, instead of at N(7), 6-NH2, N(3), and N(1) of the
regular coenzyme, if the adenine ring is bound by the
apoenzyme with the other enantio-face side facing to the
corrin ring (Figure 6a,b). It is worth noting that a total
number of possible hydrogen bonds at the adenine nitro-
gen atoms correlate roughly with relative coenzymic activ-
ity and binding affinity for the apoenzyme.
Cleavage of the Co–C bond of the coenzyme 
How does the enzyme generate an adenosyl radical, a
catalytic radical common to all the adenosylcobalamin-
dependent rearrangements, by homolytic cleavage of the
Co–C bond of the coenzyme? The Co–C bond cleavage
is facilitated in two steps — labilization upon binding of
the coenzyme to apoenzyme and further labilization
upon binding of substrate to the holoenzyme [7]. Theo-
retical computations indicated that, although substrates
of diol dehydratase are small, they could release a large
enough binding energy for facilitation of the Co–C bond
homolysis by their coordination to K+ in the active site
[21]. It is likely that the coenzyme would undergo less
strain upon binding to apoenzyme in the absence of sub-
strate. However, a crystal analysis of the substrate-free
enzyme is awaited for, to explain the facilitating effect of
substrate on the Co–C bond homolysis on the structural
basis. The X-ray structure of diol dehydratase [5] as well
as earlier structure–function studies [22,23,39] of the
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Structure
A modeling study for possible interaction between the 3-isoadeninyl
group and the adenine-ring-binding site of diol dehydratase.
(a) Stereoview superimposition of the structure of 3-isoadeninyl group
on that of the enzyme-bound adeninylpentylcobalamin. Carbon atoms
of the enzyme-bound adeninylpentylcobalamin are colored in pale
violet-red. The position of the 3-isoadeninyl group and possible
hydrogen bonds are shown as a green stick model. This figure was
generated using the program MOLSCRIPT [57] and the rendering
program RASTER3D [58]. (b) Hydrogen-bonding scheme between the
3-isoadeninyl group and the enzyme.
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coenzyme revealed that the cobalamin moiety of adeno-
sylcobalamin is bound tightly to apoenzyme by specific
tight interactions through peripheral amide sidechains 
of the corrin ring [40] and the phosphate group of the
nucleotide moiety [38,41]. Enzyme-induced distortion 
of the corrin ring has been proposed to labilize the Co–C
bond sterically [40], although the extent of acceleration
of the Co–C bond cleavage by tight interactions at 
the cobalamin moiety is rather small without the adeno-
syl group [42]. In addition to this basal labilization
through interactions at the cobalamin moiety, additional
labilization through interaction of the coenzyme with
apoenzyme at the adenine moiety of adenosyl group is
essential for the Co–C bond homolysis [25,43]. A hydro-
gen-bond network between the adenine ring and its
binding site in diol dehydratase [25,27] is crystallograph-
ically demonstrated here for the first time. We have 
estimated ∆G° upon binding of the adenine moiety of 
the coenzyme to the enzyme to be approximately
–6 kcal/mol at 37°C [25].
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Figure 7
A modeling study of superimposing the
structure of adenosylcobalamin on that of the
enzyme-bound adeninylpentylcobalamin. The
adenosyl group of the coenzyme is shown as
a green stick model. (a) Superimposed at the
cobalamin moiety without cleavage of the
Co–C bond. (b) Superimposed at both the
cobalamin moiety and the  adenine ring with
the Co–C bond cleaved and keeping a Co–C
distance minimum. (c) Superimposed as
described in (b), but the ribose moiety of the
adenosyl group is rotated around the
glycosidic linkage so that C(5′) could come
closest to C(1) of the substrate. This figure
was generated using the program
MOLSCRIPT [57] and the rendering program
RASTER3D [58].
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A modeling study involving the superimposition of the
structure of the cobalamin moiety of the coenzyme onto
that of the enzyme-bound adeninylpentylcobalamin
revealed that the adenine moiety of the coenzyme is
positioned in a different direction from the adenine-ring-
binding site of the enzyme (Figure 7a). The adenine ring
of the coenzyme would be accommodated in the position
of the adenine ring of enzyme-bound adeninylpentyl-
cobalamin because all the five hydrogen bonds with the
enzyme become possible. In the modeling study, if the
structures of both the cobalamin moiety and the adenine
ring of the coenzyme were superimposed onto those of
the enzyme-bound adeninylpentylcobalamin with the
Co–C bond cleaved and keeping a minimum Co–C dis-
tance, the Co–C distance of the coenzyme has to be
elongated to 3.3 Å and the Co–C bond has to lean toward
pyrrole ring B (Figure 7b). This would lead to distortions
of the C(5′)–Co–N(ring B) bond angle of 52° and the
Co–C(5′)–C(4′) bond angle of 153° (125° for free adeno-
sylcobalamin). It can be concluded that the tight
enzyme–coenzyme interactions at both the cobalamin
moiety and adenine moiety produce angular strains and
tensile forces that inevitably break the Co–C bond. This
provides crystallographic evidence for the earlier pro-
posal of one of the present authors that the ‘adenine-
attracting effect of apoenzyme’ is a major element that
weakens the Co–C bond [42,43]. This idea was drawn
from the structure–function studies of adenosylcobal-
amin with diol dehydratase [23–25] and the fact that
adeninylethylcobalamin undergoes the Co–C bond
cleavage by interaction with apoenzyme, whereas longer
chain homologues do not [43]. Pratt also speculated
about a similar idea from a chemical viewpoint [44]. It
should be emphasized that distortion of not only the
Co–C(5′)–C(4′) bond angle [44–46] but also the
C(5′)–Co–N(ring B) bond angle is important for the
Co–C bond activation by the enzyme.
On the basis of comparison of the X-ray structures of sub-
strate-free and substrate-bound methylmalonyl-CoA
mutase, Evans and coworkers [2,3] suggested that substrate
binding induces a conformational change that destroys the
adenosyl group-binding site, displacing it from the cobalt
atom and forming the radical species. It has been consid-
ered probable that the substrate binding energy is utilized
to facilitate the homolysis of the Co–C bond of the coen-
zyme in glutamate mutase as well [6]. However, the chemi-
cal nature of labilization of the Co–C bond in these
enzymes remains unclear. Recent resonance Raman studies
of methylmalonyl-CoA mutase indicated that Co-adenosyl
tilting in the enzyme-bound adenosylcobalamin in the pres-
ence of substrate is important for the Co–C activation [46].
Abstraction of a hydrogen atom from the substrate
How can the C(5′)-centered radical of the adenosyl
group abstract a specific hydrogen atom from C(1) of
substrates? Just after the Co–C bond cleavage, C(5′) is
6.6 Å apart from C(1) of the substrate (Figure 7b). The
Co–C bond fission makes the ribose moiety able to
rotate around the glycosidic linkage. The binding of the
adenine ring upside down might also favour this rotation.
If the ribose moiety of the adenosyl group of the coen-
zyme rotates counterclockwise by 94° from the position
that is shown in Figure 7b, the C(5′)-centered radical
comes closest to C(1) of the  substrate (2.0 Å) and to
C(2) (3.3 Å) (Figure 7c). Because the pro-S hydrogen
atom is on the same side as C(5′) of the adenosyl group,
it would be quite reasonable for the adenosyl radical to
abstract the pro-S hydrogen atom from C(1) of (S)-1,2-
propanediol. This specificity is as expected from the
stereochemical course reported for the diol dehydratase
reaction [47]. It was established that the pro-R hydrogen
atom is abstracted from the R enantiomer [47]. We have
to await an X-ray analysis of a complex with this enan-
tiomer to account for the stereochemical course of the
reaction with the R isomer because the mode of binding
of (R)-1,2-propanediol to diol dehydratase has not yet
been established.
Proposed overall mechanism for diol dehydratase 
On the basis of the structure of the diol-
dehydratase–adeninylpentylcobalamin complex and mod-
eling studies, we propose a detailed overall mechanism for
diol dehydratase. The reaction pathway with (S)-1,2-
propanediol is shown in Figure 8. Although the X-ray
structure of the substrate-free enzyme (1) has not yet been
determined, it is likely that the binding of 1,2-propanediol
to the active site converts a hexacoordinated complex of
K+ into the heptacoordinated one (2) [5]. A relatively large
binding energy (10.7 kcal/mol) is released upon coordina-
tion of the two hydroxyl groups to K+, displacing a sixth
ligand, H2O [21]. This could induce a conformational
change possibly through a change of the position of amide
oxygen ligand of Serα362 in the eighth β strand of the
TIM barrel. Interactions of the coenzyme at both the
cobalamin moiety and the adenine ring with the enzyme
inevitably cleaves its Co–C bond, forming an adenosyl
radical and cob(II)alamin. This makes the ribose moiety of
the adenosyl group able to rotate around the glycosidic
linkage. Thus, the C(5′)-centered radical of the ribose
moiety (3) now becomes accessible to the pro-S hydrogen
of the S-enantiomer and abstracts it specifically, forming a
substrate-derived radical and 5′-deoxyadenosine.
The substrate-radical (4) undergoes the 1,2-shift of the
hydroxyl group, forming a product-derived gem-diol
radical (6). Density-functional-theory computations indi-
cated that the hydroxyl group migrates from C(2) to C(1)
by a concerted mechanism through a cyclic transition state
(5), and that the barrier height for the transition state
decreases upon coordination of the migrating hydroxyl
group to K+ [7,21]. The hydroxyl group would migrate with
784 Structure 2000, Vol 8 No 7
st8702.qxd  07/03/2000  09:42  Page 784
hydrogen bonding to the amino acid residues. This sug-
gests that the C(2)–C(1) bond turns around through the
transition state (5) shown in Figure 8, because hydrophobic
or van der Waals interactions of the C–C–C backbone of
the substrate with enzyme are relatively weak [7]. 
Then, C(2) of the product radical, a new radical center,
would become accessible to the methyl group of 5′-
deoxyadenosine and abstract a hydrogen atom back from it
with inversion of the configuration of C(2), producing a
1,1-gem-diol (7) and the adenosyl radical. The gem-diol
undergoes dehydration, forming propionaldehyde (8) and
H2O. In the case of the S-isomer, Aspα335 and Hisα143
would catalyze the dehydration [7] because the oxygen
atom of the migrated hydroxyl group is lost into the water
[48]. The coordination of the hydroxyl group to K+ would
also facilitate its removal. The product aldehyde loses its
affinity for K+ and the active-site residues by the loss of the
hydroxyl groups and thus dissociates from the active site,
leaving K+ in the six-coordinated state. The rotation of the
ribose moiety of the adenosyl group to the original position
would take place at this stage. A decrease in the coordina-
tion number of K+ would bring about a conformational
change back to the substrate-free form (1). This accompa-
nies recombination of the adenosyl radical and Co(II) of
cob(II)alamin, regenerating the coenzyme. The conforma-
tional change to the substrate-free form and the release of
the product from the active site would be ensured by
release of a large bond energy upon reformation of the
Co–C bond [7]. All the structural data and biochemical
results, except for the reaction pathway with the R-enan-
tiomer, can be well accounted for by this new mechanism.
The crystal structure analysis of the enzyme–cyanocobal-
amin–R-enantiomer complex is under way.
Biological implications
Adenosylcobalamin (coenzyme B12) is one of the most
complicated non-polymer compounds that occurs in
nature and serves as a cofactor for enzymatic radical
reactions. The adenosyl radical formed by homolytic
cleavage of its Co–C σ bond triggers the reactions by
abstracting a hydrogen atom from substrates. The Co–C
bond of the free coenzyme is stable in the dark but
becomes activated for catalysis by binding to apoenzyme
followed by a substrate-induced conformational change
of the enzyme.
Diol dehydratase catalyzes the adenosylcobalamin-
dependent conversion of 1,2-propanediol, 1,2-ethanediol,
and glycerol to the corresponding aldehydes. Extensive
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Structure
The proposed mechanism of action of diol dehydratase. The reaction with (S)-1,2-propanediol is illustrated. -Co-, cobalamin; Ade, 9-adeninyl
group; Im, imidazole group of Hisα143. 
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structure–function studies of the coenzyme have been
carried out with this enzyme. Although the mechanism
of the Co–C bond activation has not yet been solved, it
was demonstrated with this enzyme that the interactions
of the coenzyme with apoenzyme at both the cobalamin
moiety and adenosyl group are absolutely necessary for
homolytic fission of this organometallic bond.
Here, we report the X-ray structures of diol dehydratase
complexed with adeninylpentylcobalamin as well as with
cyanocobalamin at cryogenic temperatures. The struc-
ture of the adeninylpentylcobalamin complex revealed
the exact details of enzyme–coenzyme interaction at the
adenine moiety. The adenine ring of the upper axial
ligand is bound parallel to the corrin ring, as in free and
methylmalonyl-CoA-mutase-bound coenzyme and free
adeninylpropylcobalamin, but with the other side facing
pyrrole ring C. All the adenine nitrogen atoms except
N(9) are hydrogen-bonded to mainchain amide oxygen
and amide nitrogen atoms, a sidechain hydroxyl group,
and a water molecule. The structure of this adenine-
ring-binding site well explains the strict specificity of the
enzyme for the upper axial ligand of the coenzyme.
The structure of the diol-dehydratase–adeninylpentyl-
cobalamin complex provides new insights concerning
the mechanism of action of this coenzyme. A modeling
study in which the structure of the coenzyme was super-
imposed onto that of enzyme-bound adeninylpentyl-
cobalamin revealed that tight interactions between the
enzyme and coenzyme at both the cobalamin moiety
and adenine ring of the adenosyl group produce angular
strains and tensile force that inevitably breaks the Co–C
bond. Rotation of the ribose moiety around the glyco-
sidic linkage after the Co–C bond cleavage explains the
specificity of the hydrogen atom abstraction from sub-
strate by the adenosyl radical.
Materials and methods
Crystallization and data collection
Diol dehydratase from Klebsiella oxytoca was expressed in Escherichia
coli and purified as described before [49]. Crystals of the complex 
composed of apodiol dehydratase, cyanocobalamin and 1,2-propane-
diol were grown using the sandwich-drop vapor diffusion method at 
277K, as described previously [50]. Crystals of the diol-
dehydratase–adeninylpentylcobalamin complex were also grown under
the same conditions in the presence of 3.0 µM adeninylpentylcobal-
amin, instead of cyanocobalamin. For cryogenic data collection, all
crystals were transferred into a solution containing 18% polyethylene
glycol(PEG) 20000, 0.24 M ammonium sulfate, 0.30% lauryl dimethy-
lamine oxide (LDAO), 2.0% 1,2-propanediol, 10 mM potassium phos-
phate buffer (pH 8.0), 20 mM Tris-HCl buffer (pH 8.0) and 20 µM
cyanocobalamin or 3.0 µM adeninylpentylcobalamin. The solution con-
taining 25 % (v/v) ethylene glycol was added gradually to the drop con-
taining crystals to a final ethylene glycol concentration of 17.5% (v/v).
PEG with higher molecular weight than that in the crystallization condi-
tion was used to compensate the increase of protein solubility upon
addition of ethylene glycol. X-ray experiments were carried out on
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Table 2
Statistics of data collection and structure refinement.
DD⋅CN-Cbl DD⋅CN-Cbl DD⋅AdePeCbl DD⋅AdePeCbl DD⋅AdePeCbl
Data collection
X-ray source SPring-8 SPring-8 SPring-8 SPring-8 SPring-8
BL41XU BL41XU BL44B2 BL44B2 BL44B2
Detector Raxis - 4 Mar CCD Mar CCD Mar CCD Mar CCD
Light – – off off on
Wavelength (Å) 0.708 1.00 0.700 0.700 0.700
Temperature (K) 277 100 100 100 100
Unit cell (Å)
a 76.2 74.0 73.4 73.4 73.4
b 122.3 121.6 121.4 121.4 121.4
c 209.6 207.7 207.6 207.6 207.6
Resolution (Å) 2.20 1.85 1.70 1.75 1.75
(Outer resolution shell) (2.28–2.20) (1.88–1.85) (1.76–1.70) (1.81–1.75) (1.81–1.75)
Measured reflections 384,295 1,939,544 4,543,847 2,391,734 2,393,925
Unique reflections 86,302 142,053 177,514 153,124 151,116
Completeness (%) 83.5 (54.9) 88.6 (67.7) 86.0 (61.8) 80.9 (56.1) 80.0 (54.1)
Rmerge 0.045 (0.178) 0.072 (0.134) 0.079 (0.171) 0.068 (0.134) 0.069 (0.137)
VM (Å3/Da) 2.22 2.12 2.10 2.10 2.10
Refinement
Resolution range (Å) 10.0–2.20 30.0–1.85 30.0–1.70 30.0–1.75 30.0–1.75
R factor 0.188 0.182 0.164 0.157 0.155
Rfree 0.236 0.243 0.226 0.213 0.214
Total number of atoms 13,912 14,831 15,401 15,379 15,378
Solvent 396 1,267 1,872 1,850 1,849
DD⋅CN-Cbl and DD⋅AdePeCbl represent the complexes of diol dehydratase with cyanocobalamin and adeninylpentylcobalamin, respectively.
Space group of all crystals is P212121.
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BL41XU or BL44B2 beam line at SPring-8, Japan. Diffraction data
were recorded with a 185 mm diameter Mar CCD and processed with
the programs Mosflm [51] and SCALA program of CCP4 suite [52].
Crystals of diol-dehydratase–adeninylpentylcobalamin complex were
processed under the dark conditions. The statistics of data collection
and structure refinement are given in Table 2.
The data collection of diol-dehydratase–adeninylpentylcobalamin
complex under illuminated condition was performed as follows. The
crystal used for the data collection under the dark condition was illumi-
nated by a halogen lamp (150 W) of OPTICAL FIBER LIGHT SOURCE
manufactured by Nikon Co., Japan, placed in a distance of 100 mm from
the crystal, for 10 min and then the X-ray experiment was carried out.
During the data collection, the crystal was continuously illuminated.
Structure determination and refinement
The structure of the diol-dehydratase–adeninylpentylcobalamin was
refined with the program CNS [53] and SHELXH [54]. The structure of
the cyanocobalamin complex determined at 2.2 Å resolution at 277K
[5] was used as the starting model. Cyanocobalamin, K+ and 1,2-
propanediol were omitted. Rigid-body refinement at 2.5 Å resolution
gave an R factor of 0.356 against the observed data. A random set of
reflections (5%) was flagged for Rfree calculation and two cycles of
conjugate gradient minimization and B factor refinement were per-
formed using the CNS, with R factor drop to 0.262 (Rfree 0.286) in the
500–1.7 Å resolution range. A σA–weighted Fo–Fc map calculated
after the first refinement step clearly indicated the presence of
adeninylpentylcobalamin, K+ and 1,2-propanediol. The model was sub-
jected to successive refinement and rebuilding cycles by using pro-
grams SHELXH and XFIT [55]. Initially the NCS restraints were
enforced. At the third step, the NCS restraints were completely lifted. A
further 18 cycles gave the final model, which shows good stereochem-
istry with rms deviations of 0.007 Å from the ideal bond length and 2.0°
from ideal bond angles. The structure was refined to R factor of 0.164
and Rfree of 0.226 at 1.7 Å resolution. Details are given in Table 2. The
structures of the two αβγ hetero trimers are identical with a rms devia-
tion of 0.39 Å for Cα atoms. Therefore, we use coordinates for the first
monomer (chain A for α subunit, B for β and G for γ) to produce figures
for the discussion here. The structure of diol-dehydratase–cyanocobal-
amin complex at cryogenic temperature was refined by the same pro-
cedure as outlined above using data between 30 and 1.85 Å
resolution. The starting model was the previously determined 2.2 Å res-
olution structure (277K). Details are also given in Table 2. The struc-
ture of the illuminated diol-dehydratase–adeninylpentylcobalamin
complex was refined with SHELXH using data between 30 and 1.75 Å
resolution. The starting model was the partially refined structure deter-
mined at 1.70 Å resolution in the dark (100K).
The restraints for bond lengths and bond angles in the pentamethylene
moiety were applied throughout the refinement. When the restraints
were not applied to the ‘dark’ structure, the structure of the pentameth-
ylene moiety was thoroughly distorted. In the case of the illuminated
structure, the refinement without restraints resulted in missing of all
carbon atoms in the pentamethylene moiety. As for the bond lengths
between Co atom and lower or upper ligand the refinement was
carried out without restraint for bond distances and bond angles.
Accession numbers
The coordinates and structure factors have been deposited in the
Protein Data Bank with accession codes 1EGM (cyanocobalamin
complex at 100K), 1EEX (andeninylpentylcobalamin complex at 100K
in the dark) and 1EGV (andeninylpentylcobalamin complex at 100K illu-
minated condition).
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